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[57] ABSTRACT

A method of improving a digital image is provided. The
image is initially represented by digital data indexed to
represent positions on a display. The digital data is indicative
of an intensity value I(x,y) for each position (X,y) in each
i-th spectral band. The intensity value for each position in
each i-th spectral band is adjusted to generate an adjusted
intensity value for each position in each i-th spectral band in
accordance with

N
Z W logh(x, y) - logfi(x, y)= Fp(x, Y], i= 1, ... §

n=1

where S is the number of unique spectral bands included in
said digital data, W, is a weighting factor and “*” denotes
the convolution operator. Each surround function F (x,y) is
uniquely scaled to improve an aspect of the digital image,
e.g., dynamic range compression, color constancy, and light-
ness rendition. The adjusted intensity value for each position
in each i-th spectral band is filtered with a common function
and then presented to a display device. For color images, a
novel color restoration step is added to give the image
true-to-life color that closely matches human observation.

14 Claims, 3 Drawing Sheets
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METHOD OF IMPROVING A DIGITAL
IMAGE

STATEMENT OF GOVERNMENT INTEREST

This invention was made with Government support under
contract NAS1-19603 awarded by NASA. The Government
has certain rights in this invention.

FIELD OF THE INVENTION

The invention relates generally to image processing, and
more particularly to a method of improving the dynamic
range compression, color constancy and color rendition for
a digital image.

BACKGROUND OF THE INVENTION

When compared to the direct observation of scenes, color
images in general have two major limitations due to scene
lighting conditions. First, the images captured and displayed
by photographic and electronic cameras suffer from a com-
parative loss of detail and color in shadowed zones. This is
known as the dynamic range problem. Second, the images
are subject to color distortions when the spectral distribution
of the illuminant changes. This is known as the color
constancy problem. (Note that for non-color imaging includ-
ing non-optical imaging, the problem becomes simpler and
is largely one of dynamic range compression, i.e., the
capture and representation of detail and lightness values
across wide ranging average signal levels that can vary
dramatically across a scene.)

Electronic cameras based upon CCD detector arrays are
quite capable of acquiring image data across a wide dynamic
range on the order to 2500:1. This range is suitable for
handling most illumination variations within scenes, and
lens aperture changes are usually employed to encompass
scene-to-scene illumination variations. Typically though,
this dynamic range is lost when the image is digitized or
when the much narrower dynamic range of print and display
media are encountered. For example, most images are
digitized to 8-bits/color band (256 gray levels/color band)
and most display and print media are even more limited to
a 50:1 dynamic range.

A commonly encountered instance of the color constancy
problem is the spectral difference between daylight and
artificial (e.g., tungsten) light which is sufficiently strong to
require photographers to shift to some combination of film,
filters and processing to compensate for the spectral shift in
illumination. Though film photographers can attempt to
approximately match film type to spectral changes in light-
ing conditions, digital cameras must rely strictly on filters.
However, these methods of compensation do not provide
any dynamic range compression thereby causing detail and
color in shadows to be lost or severely attenuated compared
to what a human observer would actually see.

Another problem encountered in color and non-color
image processing is known as color/lightness rendition. This
problem results from trying to match the processed image
with what is observed and consists of 1) lightness and color
“halo” artifacts that are especially prominent where large
uniform regions of an image abut to form a high contrast
edge with “graying” in the large uniform zones, and 2)
global violations of the gray world assumption (e.g., an
all-red scene) which results in a global “graying out” of the
image.

Since human vision does not suffer from these various
imaging drawbacks, it is reasonable to attempt to model
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machine vision based on human vision. A theory of human
vision centered on the concept of a center/surround retinex
was introduced by Edwin Land in “An Alternative Tech-
nique for the Computation of the Designator in the Retinex
Theory of Color Vision,” Proceedings of the National Acad-
emy of Science, Volume 83, pp. 3078-3080, 1986. Land
drew upon his earlier retinex concepts disclosed in “Color
Vision and The Natural Image,” Proceedings of the National
Academy of Science, Volume 45, pp. 115-129, 1959, but
harmonized these with certain findings of the neurophysi-
ology of vision. All of the retinex concepts were intended to
be models for human color perception. The earlier retinex
concepts involved “random walks” across image space and
the resetting of the computation when color boundaries were
crossed. Land’s 1986 retinex concept of human vision was
proposed as a center/surround spatial computation where the
center was 2—4 arc-minutes in diameter and the surround
was an inverse square function with a diameter of about
200-250 times that of the center.

The application of Land’s human vision theories to image
processing has been attempted in the prior art. For example,
to mimic the dynamic range compression of human vision,
a detector array with integrated processing in analog VLSI
silicon chips used a logarithm transformation prior to the
surround formation. See “Analog VLSI and Neural
Systems,” C. Mead, Addison-Wesley, Reading, Mass., 1989.
In an attempt to improve color constancy, the implementa-
tion of a color retinex in analog VLSI technology is sug-
gested by Moore et al., in “A Real-time Neural System for
Color Constancy,” IEEE Transactions on Neural Networks,
Volume 2, pp. 237-247, March 1991. In Moore et al., the
surround function was an exponential and final processing
before display of the image required the use of a variable
gain adjustment that set itself by finding the absolute maxi-
mum and minimum across all three color bands’ signal
values. However, none of the prior art have developed an
image processing technique that simultaneously
accomplishes/improves dynamic range compression, color
independence from the spectral distribution of the scene
illuminant, and color/lightness rendition.

SUMMARY OF THE INVENTION

Accordingly, it is an object of the present invention to
provide a method of improving an image created with digital
data for both color and non-color images.

Another object of the present invention to provide a
method of improving a digital image in terms of dynamic
range compression, color independence from the spectral
distribution of the scene illuminant, and color/lightness
rendition.

Still another object of the present invention to provide a
method of improving a digital image so that the image
appears similar to what is perceived by human vision in all
kinds and levels of lighting across the entire scene.

Other objects and advantages of the present invention will
become more obvious hereinafter in the specification and
drawings.

In accordance with the present invention, a method of
improving a digital image is provided. The image is initially
represented by digital data indexed to represent positions on
a display. The digital data is indicative of an intensity value
I(x,y) for each position (x,y) in each i-th spectral band. The
intensity value for each position in each i-th spectral band is
adjusted to generate an adjusted intensity value for each
position in each i-th spectral band in accordance with
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where W, is a weighting factor, is the convolution
operator and S is the total number of unique spectral bands.
For each n, the function F (x,y) is a unique surround
function applied to each position (x,y) and N is the total
number of unique surround functions. Each unique surround
function is scaled to improve some aspect of the digital
image, e.g., dynamic range compression, color constancy,
and lightness rendition. The adjusted intensity value for each
position in each i-th spectral band is filtered with a common
function. The improved digital image can then be displayed
and is based on the adjusted intensity value for each i-th
spectral band so-filtered for each position. For color images,
a novel color restoration step is added to give the image
true-to-life color that closely matches human observation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a system used to carry out
a first embodiment of the method of the present invention in
which an image can be improved in terms of dynamic range
compression, lightness rendition, or a balance between these
two image criteria;

FIG. 2 is a schematic view of a system used to carry out
a second embodiment of the method of the present invention
in which an image is simultaneously improved in terms of
both dynamic range compression and lightness rendition;
and

FIG. 3 is a schematic view of the system of FIG. 2 further
improved to incorporate a color restoration processing capa-
bility in accordance with a third embodiment of the present
method.

DETAILED DESCRIPTION OF THE
INVENTION

Referring now to the drawings, and more particularly to
FIG. 1, a system 100 is shown for carrying out a first
embodiment of the present method. Using this embodiment
of the method, the emphasis of image improvement can be
placed on either the dynamic range compression, lightness
rendition, or a balance between these two image perfor-
mance criteria. By way of example, the first embodiment
will be described as it relates to a non-color digital image.
However, it is to be understood that the present method can
be extended to color images as will be explained in detail
below. System 100 consists of a digital imager 10, e.g.,
camera, capable of outputting image data in the form of
digital data indexed to represent the intensity I at a particular
position (x,y) in the image to be displayed on display 16. For
purpose of the present invention, a “position” in the image
is no larger than one pixel of display 16. However, by way
of example, it will be assumed herein that each position (x,y)
refers to a single row/column pixel position of display 16
which is a J-row by K-column display. The intensity of each
pixel or I(x,y) is adjusted and filtered in accordance with the
present method by processor 12 and filter 14 as will now be
detailed.

On a pixel-by-pixel basis, processor 12 adjusts the inten-
sity I(x,y) to yield I'(x,y) in accordance with

I'(xy)=log I(xy)-loglI(xy)*F(x,y)] @

where F(x,y) is a surround function and denotes the
convolution operation. Note that prior art processing
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schemes adhering closely to natural vision science, i.e., an
approximate log photoreceptor response, teach a general
indifference with respect to the placement of the log
response. However, if the logarithm function is taken before
the surround function, the resulting discrete convolution of
[log I(x,y)*F(x,y)] is equivalent to a weighted product of
I(x,y) whereas the second term in equation (1) produces a
weighted sum. This is closely related to the difference
between the arithmetic mean and the geometric mean except
that F(x,y) is selected so that

k[ | F(xy)dxdy=1 @

which does not produce exactly the n-th root of n numbers
as the geometric mean would. The value k is a normalization
constant. Since the entire purpose of the log operation is to
produce a point-by-point ratio to a large regional mean
value, the form of equation (1) in the present method is
critical for image processing.

The surround function F(x,y) must take into account
“global” contributions at each pixel position while recog-
nizing that each pixel position is most affected by “regional”
contributions. To cover both of these contributions becomes
the goal of the surround function. The preferred surround
function for the present invention is of the Gaussian form

e
Flx,y)=e ?

©)

where

r=\/x2+y2 “

and c is a constant determining whether the adjustment of
each pixel’s intensity I(x,y) is optimized for either dynamic
range compression or improved lightness rendition.

In general, constant ¢ is selected to be in the approximate
range of 1-50% of the largest (pixel) dimension of display
16. For example, if display 16 had a J by K resolution of
1024 by 768 pixels, the constant ¢ would fall in the approxi-
mate range of 10 to 512. To emphasize dynamic range
compression improvement, smaller values of ¢ are used, i.c.,
in the approximate range of 1-20% of the larger of J or K.
To emphasize lightness rendition improvement, larger val-
ues of c are used, i.e., in the approximate range of 40-50%
of the larger of J or K. To compromise or achieve a balance
between these two performance criteria, the constant ¢ for
this first embodiment is in the approximate range of 15-40%
of the larger of J or K. Note that this middle range represents
a reasonable compromise where shadows are fairly com-
pensated and rendition achieves acceptable levels of image
quality. This is qualitatively compatible with human visual
perception in that the treatment of shadows is influenced by
their spatial extent. Thus, larger shadows tend to be more
compensated (less dark) while smaller shadows appear less
compensated (blacker and with less visible internal detail).
Thus, for narrow-dynamic images, a single-scale (i.c., single
value for the constant ¢) retinex approach is generally
sufficient.

The adjusted intensity value I'(x,y) must be filtered by
filter 14 to yield the retinex output R(x,y) used by display 16.
Filter 14 applies an offset and gain function to convert I'(x,y)
from the logarithm domain to the digital domain of R(x,y)
where it can be interpreted by display 16. For example, if
display 16 is an 8-bit color monitor, filter 14 must convert
each I'(x,y) to a digital value between O and 255. A great
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advantage of the present method is that filter 14 applies the
identical offset and gain function to all pixels. Thus, the
overall method is general in application for all images. This
greatly simplifies the processing complexity and cost asso-
ciated with digital image improvement.

It is readily apparent from equation (1) that color
constancy, i.e., independence from single source illuminant
spectral distribution, is reasonably complete since

1(6y)=Ds(%y)Dr(x) ®
where Dg(x,y) is the spatial distribution of the source
illumination and Dg(x,y) is the distribution of the scene

reflectances. The associated retinex output R(x,y) can also
be written

Ds(x, y)Dg(x, y)
Diavg (X, Y)D pavg (%, ¥)

R(x, y) =log ©

where the subscript “avg” denotes the spatially weighted
average value of each term. As long as Dg=Dg,, ., the
contributions of spectral illumination cancel. Even for those
cases where this is not strictly true, the reflectance ratio
relation log (Dz/Dg,,,) should dominate illumination varia-
tions. The above considerations hold true for each spectral
band of an image.

Referring now to FIG. 2, system 200 is shown for carrying
out a second embodiment of the present method. In the
second embodiment, it is possible to simultaneously
improve both the dynamic range compression and lightness
rendition of an image. By way of illustration, the second
embodiment will be described as it relates to a color digital
image although it could also be to used to improve non-color
images. The operation of system 200 could include just the
standard color triplet red, green, and blue. However, the
present approach can be extended to any number of spectral
bands that can be used to develop a color image.
Accordingly, digital imager 20 is shown to output digital
image data for each of the spectral bands at each position no
larger than a pixel to be displayed on display 26. The
intensity of each pixel for each i-th spectral band (e.g.,
L(%Y), LX), . . ., [{X,y), . . ., L(x,y)) is available from
digital imager 20 where S defines the total number of unique
spectral bands.

Similar to the single-scale retinex approach described
above, processor 22 applies equations (1), (3) and (4) on a
pixel-by-pixel basis. However, unlike the single-scale
approach, each pixel’s intensity (in each spectral band) is
adjusted a multiplicity of N times where the constant ¢ is
uniquely selected each n-th time the surround function
F(x,y) is applied to a pixel (of each spectral band). Thus, the
preferred Gaussian surround function in equation (3) can be
rewritten for the general case as

=2
Flo, y)=e %

M

where c,, is a unique constant for each of the N applications
of equation (1). In general, each value of ¢ can be between
approximately 1-50% of the larger pixel dimension of
display 26 as described above. However, in this multi-scale
approach, N unique values of ¢, can be used to adjust each
pixel’s intensity in each spectral band. For example, if N=3,
the three values of ¢, could be selected such that the first
constant ¢, optimized dynamic range compression, the sec-
ond constant ¢, optimized rendition, and the third constant
¢ would be between the first and second constant values.
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The resulting adjustments to intensity are each weighted
by a factor W, at a multiplier 23 and then added together at
a summer 24 for each spectral band. Thus, in general, the
multi-scale method applied by processor 22, multipliers 23
and summers 24 can be written as

N ®)
Z W, (logli(x, y) = loglli(x, y)= Fy(x, y)], i=1,....8

n=1

where W, is the weighting factor, F,(x,y) represents the
uniquely scaled (Gaussian) surround function governed by
the choice of constant ¢, in equation (7), and S is the total
number of unique spectral bands. The weighting factor W,,
can be a simple average, e.g., 1/N, that is the same for each
¢,,, or can be unique for each ¢, in order to emphasize certain
performance criteria more than others for a particular appli-
cation. Similar to the single-scale approach, the weighted
sums output from summers 24 are all filtered by the same
offset and gain function at filter 25 to convert the sums into
digital data usable by display 26.

As noted above, the single-scale method is limited in its
ability to combine dynamic range compression and lightness
rendition and further cannot produce good color rendition
for a pathological class of images, i.e., the so-called gray-
world violations. However, the multi-scale aspect of the
present invention synthesizes substantial dynamic range
compression with good lightness rendition. Even so, the
multi-scale retinex method by itself cannot produce good
color rendition for images which violate the gray-world
assumption. Thus, a third embodiment of the present inven-
tion adds color restoration to the method to achieve the
missing capability. The color restoration method produces
good color rendition with modest sacrifices in color con-
stancy even for the class of images previously considered
pathological. The multi-scale retinex method with color
restoration can and has achieved a close approximation to
human observation when test scenes are compared to pro-
cessed images.

A system for implementing the method of color restora-
tion is shown in FIG. 3 where system 300 depicts a modi-
fication of system 200 that incorporates the apparatus
needed to implement the novel color restoration step. More
specifically, each respective averaged sum for each spectral
band output from one of multipliers 24 is further multiplied
at a respective filter 28,, . . ., 28, . . ., 28, having a gain
that takes the form

®

In

Bli(x, y) }

M
35 )

where B is a constant that is the same for all spectral bands
that controls the amount of perceived color saturation and S
is a whole number indicative of the total number of spectral
bands being used, e.g., S=3 for the standard triplet red,
green, blue.

The present method can be embodied in a variety of
applications. It can be used as a tool in computers for
enhancement of images ex post facto. However, this
embodiment is limited by the already restricted dynamic
range of the typical 8-bit color digital image format. Experi-
mental results indicate a significant useful capability for the
enhancement of detail and color in poorly illuminated por-
tions of scenes, automatic exposure correction for underex-
posed imagery, and correction of illuminant color defects
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such as tungsten illuminated scenes taken with daylight
color film. Thus, the present method will find utility in
digital photo-processing, image enhancement for different
display media, and as a tool for personal/professional needs
such as desktop publishing. This embodiment also has
considerable potential for improving the commercialization
of remote sensing data by providing an easily interpretable
visual rendition.

A second embodiment would use the present method in
special purpose processors designed for use with either 8-bit
digital color cameras, or wide dynamic range (preferably
10-12 bit/color channel) color electronic cameras. In the
wide dynamic range embodiment, the combined camera and
processing performance would yield resulting images that
approach human visual observation which readily brings out
color and detail across very wide ranging illumination
conditions (including within an image frame).

A third embodiment would use the present method in the
development of smart color cameras with embedded com-
puter chips. These chips which would perform the single or
multi-scale retinex processing could be either analog or
digital VLSI depending upon the relative performance at the
time of design.

A fourth embodiment would use the present method in
either a separate hardware processor or embedded computer
chip for performing a retinex computation with low-light
level electronic cameras which use thermoelectric or cryo-
genic coolers to reduce noise and increase sensitivity and
dynamic range. This embodiment should produce high qual-
ity color images at low ambient light levels that would
exceed human visual performance, i.e., specifically early-
dawn/late-twilight/moonlight/dim-interior conditions.

The multi-scale approach can also be used in black and
white imaging to accomplish dynamic range compression
and tonal rendition. This has been tested on medical x-ray
images and aerial photography and has achieved an
improved visualization of anatomical features in x-rays and
the removal of shading artifacts in aerial photography.

The advantages of the present invention are numerous.
When implementing all of the features described herein, a
comparison of the multi-scale retinex with color restoration
with traditional image enhancement techniques (e.g., histo-
gram equalization, simple gain/offset manipulation, and
gamma non-linearities) shows that performance using the
present method is far superior. Control parameters are inde-
pendent of the input scene once the output is adjusted for a
particular display device. Therefore, the process is robust
and automatic.

Although the invention has been described relative to a
specific embodiment thereof, there are numerous variations
and modifications that will be readily apparent to those
skilled in the art in light of the above teachings. It is
therefore to be understood that, within the scope of the
appended claims, the invention may be practiced other than
as specifically described.

What is claimed as new and desired to be secured by
Letters Patent of the United States is:

1. A method of improving a digital image, comprising the
steps of:

providing digital data indexed to represent positions on a

display, said digital data being indicative of an intensity
value L(x,y) for each position (x,y) in each i-th spectral
band;

adjusting said intensity value for said each position in

each i-th spectral band to generate an adjusted intensity
value for said each position in each i-th spectral band
in accordance with
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N
Z W logh(x, y) - logfi(x, y)= Fp(x, Y], i= 1, ... §

n=1

where S is the number of unique spectral bands
included in said digital data and, for each n, W,, is a
weighting factor and F,(x,y) is a unique surround
function applied to said each position (x,y) and N is the
total number of unique surround functions;

filtering said adjusted intensity value for said each posi-
tion in each i-th spectral band with a common function;
and
displaying an improved digital image based on said
adjusted intensity value for each i-th spectral band
so-filtered for said each position.
2. A method according to claim 1 wherein each said
unique surround function is a Gaussian function.
3. A method according to claim 2 wherein said Gaussian
function is of the form

B J\\,

satisfying the relationship

where
r= \/ X2+ y?

and, for each n, k,, is a normalization constant and c,, is a
unique constant for each of said N unique surround func-
tions.

4. A method according to claim 1 further comprising the
step of multiplying, prior to said step of displaying, said
adjusted intensity value for said each position in each i-th
spectral band by

1|

Bli(x, y) }

S
3 hs )

where B is a constant.
5. A method according to claim 1 wherein said each
position (x,y) defines a pixel of said display.
6. A method according to claim 1 wherein, for each n,
W, =1/N.
7. Amethod of improving a digital image, comprising the
steps of:
providing digital data indexed to represent the positions of
a plurality of pixels of a J-row by K-column display,
said digital data being indicative of an intensity value
I(x,y) for each of said plurality of pixels where X is an
index of a position in the J-th row of said display and
y is an index of a position in the K-th column of said
display;
convolving said digital data associated with each of said
plurality of pixels with a function
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where

r:\/x2+y2

. . .5
to form a discrete convolution value for each of said

plurality of pixels, said function satisfying the relation-
ship

-2
kffecz dxdy=1

where
r=q/x2 + 2

k is a normalization constant and ¢ is a constant;

converting, for each of said plurality of pixels, said
discrete convolution value into the logarithm domain;

converting, for each of said plurality of pixels, said
intensity value into the logarithm domain;

subtracting, for each of said plurality of pixels, said
discrete convolution value so-converted into the loga-
rithm domain from said intensity value so-converted
into the logarithm domain, wherein an adjusted inten-
sity value is generated for each of said plurality of
pixels;

filtering said adjusted intensity value for each of said

plurality of pixels with a function that is identical for
said plurality of pixels; and

displaying an improved digital image based on said

adjusted intensity value so-filtered for each of said
plurality of pixels.

8. A method according to claim 7 wherein the value of
said constant c is selected to be in the range of approxi-
mately 0.01 to approximately 0.5 of the larger of J and K.

9. A method of improving a digital image, comprising the
steps of:

providing digital data indexed to represent the positions of

a plurality of pixels of an J-row by K-column display,
said digital data being indicative of an intensity value
I; (x,y) for each i-th spectral band for each of said
plurality of pixels where x is an index of a position in
the J-th row of said display and y is an index of a
position in the K-th column of said display;
convolving said digital data associated with each of said

plurality of pixels in each i-th spectral band with a
function

a

:Ni““\)

for n=2 to N to form N convolution values for each of
said plurality of pixels in each said i-th spectral band,
said function satisfying the relationship

and, for each n, k,, is a normalization constant and c,, is
a unique constant;

converting, for each of said plurality of pixels in each said
i-th spectral band, each of said N convolution values

10 into the logarithm domain;
converting, for each of said plurality of pixels in each said
i-th spectral band, said intensity value into the loga-
rithm domain;
15 subtracting, for each of said plurality of pixels in each said

i-th spectral band, each of said N convolution values
so-converted into the logarithm domain from said
intensity value so-converted into the logarithm domain,
wherein an adjusted intensity value is generated for
each of said plurality of pixels in each said i-th spectral
band based on each of said N convolution values;

20

forming a weighted sum for each of said plurality of
pixels in each said i-th spectral band using said adjusted

intensity values;

= filtering said weighted sum for each of said plurality of

pixels in each said i-th spectral band with a function
that is identical for said plurality of pixels in each said
i-th spectral band; and

displaying an improved digital image based on said

weighted sum so-filtered for each of said plurality of
pixels in each said i-th spectral band.

10. A method according to claim 9 wherein the value for
each said unique constant c,, is selected to be in the range of
approximately 0.01 to approximately 0.5 of the larger of J
and K.

11. A method according to claim 9 further comprising the
step of multiplying, prior to said step of displaying, said
weighted sum for said each of said plurality of pixels in each
said i-th spectral band by

35

40

Bli(x, y) }
1|

S
3 hs )
45

where B is a constant and S is a whole number greater than
or equal to 2 and defines the total number of spectral bands
included in said digital data.
12. A method of improving a digital image, comprising
the steps of:
providing digital data indexed to represent positions on a
display, said digital data being indicative of an intensity
value I, (x,y) for each position (x,y) in each i-th spectral
band;
adjusting said intensity value for said each position in
each i-th spectral band to generate an adjusted intensity
value for said each position in each i-th spectral band
in accordance with
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65 where S is a whole number greater than or equal to 2
and defines the total number of spectral bands included

in said digital data and, for each n, W,, is a weighting
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factor and F,(x,y) is a unique surround function of the
form

a

:Ni““\)

satisfying the relationship

where
r=qlx2+ 32

and, for each n, k,, is a normalization constant and c,, is
a unique constant where N is the total number of unique
surround functions;

10

20

12
filtering said adjusted intensity value for said each posi-

tion in each i-th spectral band with a common function;

multiplying said adjusted intensity value for said each
position in each i-th spectral band by

Bli(x, y)
In| 3
hLcs y)}
where B is a constant; and
displaying an improved digital image based on said
adjusted intensity value for each i-th spectral band
so-filtered and so-multiplied for said each position.
13. A method according to claim 12 wherein, for each n,
W, =1/N.

14. A method according to claim 12 wherein the value for
each said unique constant c,, is selected to be in the range of
approximately 0.01 to approximately 0.5 of the larger of J
and K.



